INTRODUCTION
============

Eukaryotic chromosomes contain specialized regions called centromeres where a multiprotein complex, the kinetochore, is formed at the G2/M transition ([@B1]). The kinetochore constitutes the attachment site for the spindle microtubules, which connect kinetochores and the centrosomes (microtubule-organizing centres) constituting the two spindle poles. Centrosomes are, in turn, anchored via astral microtubules to the cell cortex. They provide the skewback for physical forces generated by microtubule motors and changes in microtubule length that are needed to distribute sister chromatids to the daughter cells during mitosis and meiosis. The proteins comprising the kinetochore complex are highly conserved and a single evolutionary origin for centromeres early in eukaryotic evolution has been proposed ([@B2]). Centromere size is extremely variable, ranging from the 125-bp point centromeres in *Saccharomyces cerevisiae* to the holocentric centromeres of *Caenorhabditis elegans*, which span the entire length of the chromosome ([@B3]). Many eukaryotes have regional centromeres consisting of arrays of satellite repeats and/or transposons typically spanning 100 kb to 100 Mb ([@B3]). In contrast to the highly conserved kinetochore proteins, the DNA sequence composing the centromeres is highly variable ([@B4],[@B5]) and in some species is not even conserved among the different chromosomes ([@B6]). It has been hypothesized that the rapid evolution of centromere sequences is a major driver of speciation as sequence divergence leads to incompatibility in meiosis ([@B7]). With the exception of point centromeres such as those of *S. cerevisiae*, DNA sequence alone appears insufficient to specify centromere function. Instead, centromere formation seems to require the presence of pericentromeric heterochromatin flanking a core centromere region. In the fission yeast *S. pombe*, pericentromeric heterochromatin formation is RNAi dependent, where small RNAs serve to recruit the repressive RNA-induced transcriptional silencing (RITS) complex which catalyses the heterochromatin-associated histone H3K9me2 modification ([@B8]). The RNAi pathway also appears to be necessary for pericentromeric heterochromatin maintenance in mammals and *Drosophila (*[@B3]). In the core centromere, nucleosomal histone H3 is replaced by a centromere-specific variant know as CSE in fungi, Cid in *Drosophila*, CENP-A in metazoans and Htr12 or CenH3 in plants. This centromeric H3 variant is an essential protein and interacts directly with components of the kinetochore complex. Unlike the highly conserved kinetochore proteins, CenH3 and the centromere DNA sequences rapidly co-evolve and are poorly conserved. Compared with conventional histone H3, the histone fold domain of CenH3 has a divergent and longer L1 and a divergent α2 ([@B9],[@B10]). Many CenH3 variants, such as Cid from *Drosophila* have a long N-terminal domain; however, this appears to be dispensable for proper targeting of CenH3 ([@B11],[@B12]). In contrast to the surrounding pericentromeric heterochromatin, the core centromere has properties that resemble those of euchromatin such as H3K4 methylation and low levels of H3K9 methylation ([@B1]).

In general, the mechanisms controlling centromere specification and formation remain poorly understood and different mechanisms appear to be used in different species. Much of our understanding comes from progress made in dissecting the mechanism in the fission yeast *S. pomb*e ([@B13]). However, differences such as the absence of orthologs of the RITS complex and the presence of DNA methylation in higher eukaryotes complicate the direct transfer of this knowledge to other organisms.

The social amoeba *Dictyostelium discodeum* is a useful system for studying centromere specification and formation. Its centromeres consist of several retroelement arrays ([@B14]). Unlike fungi, which have undergone rapid evolution accompanied by large-scale genome compaction and gene loss ([@B15],[@B16]), the amoebozoans appear to have retained more of the ancestral genomic diversity than other members of the crown group of organisms (fungi, plants and metazoans) ([@B17]). Many components of the RNAi, chromatin remodelling and DNA damage-repair pathways are conserved between *Dictyostelium* and higher eukaryotes. Examples include small gene families encoding Dicer\'s, RdRP\'s, Argonauts, HP1, Aurora kinases, inner centromere protein (INCENP) and components of the centrosome as well as a DNA methyltransferase, many of which have been characterized ([@B18]). The predominant localization of H3K9me2, H3K9me3 and the two *Dictyostelium* HP1 homologs, HcpA and HcpB, to a major focus harbouring the centromeres has previously been reported ([@B19; @B20; @B21; @B22]) by (M Dubin, PhD thesis, University of Kassel, 2010). The predominant localization of H3K9me2, H3K9me3 and the two *Dictyostelium* HP1 homologs, HcpA and HcpB, to a major focus harbouring the centromeres has previously been reported ([@B19],[@B20]); (M Dubin, PhD thesis, University of Kassel, 2010).

The euchromatin-associated histone H3K4me modification has a rather homogeneous distribution throughout the nucleus ([@B23]). Here, we describe the identification and characterization of a CenH3 ortholog from *Dictyostelium*, which due to its position in the phylogenetic tree provides information on ancestral aspects of centromere biogenesis.

MATERIALS AND METHODS
=====================

*Dictyostelium* cells and culture
---------------------------------

The *D. discodeum* strain Ax2-214 (axeA2, axeB2, axeC2) ([@B24]) was cultured in petri dishes or shaking culture at 20°C in HL5 medium (Formedium; Hunstaton, UK) supplemented with 100 μg/ml of Ampicillin, 100 μg/ml of Amphotericin-B and the appropriate selective agent (10 μg/ml of Geneticin and/or 10 μg/ml of Blasticidin). Alternatively, *Dictyostelium* cells were grown on bacterial lawns of *Klebsiella aerogenes* on SM agar plates.

Vectors and transformation
--------------------------

Pfu DNA polymerase was used to amplify histones *h3v1* (DDB_G0291185), *h3v2* (DDB_G0277979), *h2AX* (DDB_G0279667) and *h2Bv3* (DDB_G0286509) from genomic DNA using the following primers: MJD87 (5′-A[GTCGAC]{.ul}AATGGCTAACAAACCCAAACCCTC-3′) and MJD88 (5′-A[CTCGAG]{.ul}TTAAAAAAGAAAATGTCTAGCCCTTTTCC-3′) (*h3v1*), MJD85 (5′-A[GTCGAC]{.ul}AATGACAAGTGTTAATAATAATATGACAAG-3′) and MJD86 (5′-A[CTCGAG]{.ul}TTAATAACGTGGCAAATAAAATGGTTTGATG-3′) (*h3v2*), MJD140 (5′-A[GTCGAC]{.ul}AATGTCAGAAACCAAACCAGCCTC-3′) and MJD141 (5′-T[CTCGAG]{.ul}TTAATAGATTTGAGATGAACCTTCAGCTG-3′) (*h2AX*), MJD121 (5′-AACATAT[GTCGAC]{.ul}AATGGTATTCGTTAAAGGTCAAAAGAAAG-3′) and MJD122 (5′-A[CTCGAG]{.ul}TTAGTTTTTGCTTTCAGTTGGATTGTAC-3′) (*h2Bv3*).

Polymerase chain reaction (PCR) products were cloned into pJET (Fermentas; Burlington, Canada) and confirmed by sequencing. The genes were excised using the SalI and XhoI sites introduced during the PCR amplification (underlined in the primer sequences). Sequences encoding *h3v1* and *h3v2* were ligated into the vector pDneo2a-GFP using the same two sites, while H2B was ligated into the extrachromosomal vector pDbsrXP-RFP. *Dictyostelium* A × 2 cells were transformed using electroporation ([@B25]) and selected in HL5 medium supplemented with 10 μg/ml of Geneticin. After ∼10 days, transformants were subcloned and a clonal line was used for further experiments. Cells expressing GFP-DdCenH3 were super-transformed with the pDbsrXP-RFP-H2B construct and selected in HL5 medium supplemented with 10 μg/ml of Geneticin and 10 μg/ml of Blasticidin.

Identification of homologs, alignments
--------------------------------------

Homologs of histone genes were identified in the *Dictyostelium* genome ([@B17]) using Basic Local Alignment Search Tool (BLAST) search ([@B26]), a reciprocal BLAST search against the National Center for Biotechnology Information (NCBI) databank (non-redundant protein sequences), performed to confirm identity. Orthologs of H3v1 were identified using a position-specific iterative BLAST (PSI-BLAST) search ([@B27]) against the NCBI databank (non-redundant protein sequences). Sequence alignments were performed using Clustal W ([@B28]). Phylogenetic trees were inferred using Mr Bayes (v3.1.2) ([@B29],[@B30]). A mixed amino acid model was run for 1 000 000 iterations using default settings. Similar results were obtained using Clustal X ([@B31]). Phylogenetic trees were presented using Dendroscope (v1.4) ([@B32])*.*

Immunofluorescence
------------------

Cells were grown overnight on coverslips to ∼80% confluence and fixed in 4% (w/v) paraformaldehyde (PFA) dissolved in 20-mM phosphate buffer (pH 6.7) for 10 min at 22°C. The PFA solution was removed and cells were permeabilized for 5 min in 0.2% (v/v) Triton X-100 in 20-mM phosphate buffer (pH 6.7). Cells were blocked with 2% (w/v) bovine serum albumin (BSA) in phosphate-buffered saline (PBS), pH 7.6, for 30 min at room temperature. The coverslips were incubated overnight at 4°C with the primary antibody diluted in 1% (w/v) BSA in PBS pH 7.6, washed 3 × 5 min in PBS and then incubated with the secondary antibody diluted in 1% (w/v) BSA in PBS pH 7.6 for 1 h at room temperature. The coverslips were washed 3 × 5 min in PBS, and mounted on a slide with a drop of mounting media (250 ng/ml of 4′,6-Diamidino-2-phenylindole (DAPI) in 90% (v/v) glycerol, 20-mM Tris--HCL, 1 μg/ml DABCO, pH 8.3) and examined by fluorescence microscopy.

Fluorescence *in situ* hybridization
------------------------------------

The Fluorescence *in situ* hybridization (FISH) protocol was adapted from Moerman and Klein ([@B33]). Cells were allowed to settle on slides for 10 min, fixed in 3:1 methanol:acetic acid at −20°C for 60 min and air dried. Slides were placed at 60°C for 30 min on a hot plate and then treated with RNaseA (200 μg/ml in 2 × SSC for 40 min at 37°C). Slides were washed 2 × 5 min in 2 × SSC, 1 × 5 min in PBS then post-fixed with 4% PFA in PBS for 10 min at room temperature. Slides were washed 2 × 5 min in PBS and then dehydrated using an ethanol series of 70, 90 and 99.7% for 3 min each and then air dried. Approximately 30 ng of fluorescent-labelled probe was resuspended in 12 μl of hybridization solution (50% formamide, 10% dextran sulphate and 2 × SSC), denatured for 5 min at 95°C and cooled on ice. The hybridization mix was placed on the slide, overlaid with a coverslip and sealed with rubber cement. The slide was placed on a 80°C heat block to denature the genomic DNA for 2 min and then incubated at 37°C overnight. Slides were washed twice in 2 × SSC for 5 min at 42°C and three times for 5 min in 2 × SSC, 50% formamide at 42°C, dehydrated in an ethanol series and air dried. Mounting media (see above) was placed on the slides and overlaid with a coverslip.

The DIRS-1 the Y41 clone ([@B34]) was used as a probe by direct labelling using FITC-dUTP according to Lysak *et al*. ([@B35]).

Combined immunofluorescence--FISH
---------------------------------

Cells were immunostained as described above and then fixed with 4% (w/v) PFA, 4% (w/v) sucrose in 20-mM phosphate buffer (pH 6.7) for 10 min at room temperature. Slides were washed 1 × 5min with PBS, 2 × 5 min in 2 × SSC and processed according to the FISH protocol starting from the RNaseA treatment step.

Microscopy
----------

Images were acquired on a Leica DMIRB inverted microscope equiped with a DC350 camera and IM50 Acquisition software (Leica Microsystems; Wetzlar, Germany). Alternatively, live cells were observed using an Axiovert 200 M CellObserver HS system (Carl Zeiss MicroImaging GmbH, Göttingen, Germany) equipped with a Sutter DG-4 light source (Sutter instruments, Novato, CA, USA), an ASI piezo stage (Applied Scientific Instruments, Eugene, OR, USA), a Zeiss LCI PlanNeo 63 × /1.3 NA water immersion lens, a Zeiss Axiocam MRm Rev. 3 CCD camera and Axiovision 4.6.3 software. Non-saturated Z-stacks (seven slices, 700 nm between slices were acquired every 20 or 60 s. Images were quantified and prepared for presentation using ImageJ v1.42n-v1.43b (<http://rsbweb.nih.gov/ij/>). A maximum-intensity projection of the stack was derived (without deconvolution). Background subtraction was achieved by (linearly) adjusting the levels of each channel so that areas outside the nucleus had intensity values of zero. For each channel, images in the time series were normalized (so each frame has the same average pixel intensity) to correct for photobleaching.

To measure the centromere (GFP) signal, a circular ROI slightly larger than the centromere was manually centred over the centromere and the total signal measured. The size/dimensions of the ROI were identical for every centromere and every time point. For the nuclear (RFP) signal, a circular ROI slightly larger than the nucleus was manually centred over the nucleus and the total signal measured. The total intensity values of the three (before anaphase) or six (after anaphase) centromeres/nuclei over three consecutive time points (a minimum of nine data points) were averaged and plotted together with the standard error (SE, *P* = 0.05).

To avoid artefacts by synchronization, observations during the cell cycle were done by selecting appropriate cells and following their fate in an unsynchronized culture. We found ∼5% of the cells in mitosis.

Chromatin immunoprecipitation
-----------------------------

All steps were performed on ice unless otherwise stated. The 1 × 10^8^ cells were fixed in 1% (w/v) PFA in phosphate buffer at 22°C. After 10 min, glycine was added to a final concentration of 200 mM and the cells were incubated for a further 5 min. Cells were washed with ice-cold phosphate buffer and with 1% Triton X-100 in phosphate buffer. Cells were resuspended in 500 µl of nuclear lysis buffer \[50 mM of HEPES, 10 mM of ethylene-diamine-tetra-acetic acid (EDTA), 1% Triton X-100, 1% SDS 0.1 mM of PMSF, complete protease inhibitors (Roche) pH 8.0\] in an Eppendorf tube. Samples were sonicated with a UP 200S sonicator (Dr Hielscher GmbH, Stansdorf, Germany) in an ice-water bath (5 × 10 s, 25% output, 45% duty cycle) with a 50-s pause between bursts. 900 µl of ChIP dilution buffer \[16.7 mM HEPES, 1% Triton X-100, 1.2 mM of EDTA, 167 mM of sodium chloride (NaCl), 0.1 mM of PMSF, complete protease inhibitors (Roche) pH 8.0\] was added per 100 µl of sonicated lysate. Samples were centrifuged for 2 min, 16 000*g* at 4°C and the supernatant was transferred to a new tube. The supernatant was pre-cleared with protein-A sepharose for 60 min at 4°C, then centrifuged and transferred to a new tube. The supernatant was divided into 1 ml fractions (corresponding to 2 × 10^7^ cells) and 20 µl of anti-GFP affinity resin ([@B36]) (GFP-Trap provided by ChromoTek, Martinsried) was added to one fraction and 20 µl of rabbit immunoglobulin G (IgG)-sepharose added to another fraction to serve as the negative control. Samples were rotated for 60 min at 4°C. Beads were washed twice with low-salt wash buffer (150 mM of NaCl, 0.1% SDS, 1% Triton X-100, 2 mM of EDTA, 20 mM of HEPES, pH 8.0), once with high-salt wash buffer (500 mM of NaCl, 0.1% SDS, 1% Triton X-100, 2 mM of EDTA, 20 mM of HEPES, pH 8.0), twice with LiCl wash buffer (250 mM of LiCl, 1% NP40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM HEPES, pH 8.0) and twice with TE buffer (10 mM of Tris--HCl, 1 mM of EDTA, pH 8.0). After the final wash, 250 μl of elution buffer \[1% (w/v) SDS, 100 mM of sodium bicarbonate (NaHCO~3~)\] was added to the beads and the resultant slurry was incubated at 65°C for 15 min under gentle agitation. After a brief centrifugation to pellet the beads, the supernatant was transferred to a new tube. Extraction of the beads was repeated with 250 μl of elution buffer. The two elutions were combined, 20 μl of 5M NaCl was added and incubated overnight at 65°C to reverse the cross-linking. Then 20 μl of proteinaseK buffer (250 mM of EDTA, 1 M Tris--HCl pH 6.5) and 2 μl of proteinaseK (10 mg/ml) were added and the solution was incubated at 45°C for 3 h. After phenol extraction, the DNA was ethanol precipitated and resuspended in 50 μl of double-distilled water (DDW) containing 10 ng/ml of RnaseA. Oligonucleotide primers against the loci of interest were designed using the Primer3 software (<http://frodo.wi.mit.edu/cgi-bin/primer3/primer3www.cg>). Minimum and maximum primer GC content was set to 40 and 60%, respectively, and amplified fragment length to 150--200 bp. Otherwise, standard settings were used. Primers are listed in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1). Quantification was performed using a Real-Time PCR machine from Eppendorf (Hamburg, Germany) or Bio-rad (Hercules, CA, USA) using Eva-Green nucleic acid dye (Jena Bioscience; Jena, Germany) according to the manufacturer\'s instructions. For each locus, the PCR assay was performed in quadruplicate and each ChIP was performed at least twice. An aliquot of sheared chromatin was prepared to be analysed by gel electrophoresis the average size of DNA fragments. This was in the range of 750--250 bp with the majority between 300 bp and 400 bp (data not shown).

RESULTS
=======

Identification of a putative *Dictyostelium* CenH3 ortholog
-----------------------------------------------------------

Attempts to identify a *Dictyostelium* CenH3 ortholog by BLAST search with CenH3 from various species as the query sequence were unsuccessful, since in each case one of the core histone H3.3 variants H3a, H3b and H3c was found to be the *Dictyostelium* protein with the highest homology. In addition, two genes encoding histone H3-like domains are present in the *Dictyostelium* genome (*h3v1*: DDB_G0291185 and *h3v2*: DDB_G0277979; [Supplementary Figure S1a](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1)). H3v1 is significantly longer than a typical histone H3 (619 versus 136 amino acids) and contains a histone H3-like domain at the C-terminus while H3v2 is considerably smaller (96 versus 136 amino acids) and contains an intron. H3c, H3v1 and H3v2, were cloned and expressed with an N-terminal GFP tag. GFP-H3c was distributed throughout the nucleus as would be expected for a core histone and GFP-H3v2 did not localize to the nucleus at all (data not shown). In interphase cells, GFP-H3v1 localized to a single focus ([Supplementary Figure S1b](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1)) adjacent to the centrosome ([Figure 1](#F1){ref-type="fig"}B) suggesting that it represents a *Dictyostelium* ortholog of CenH3. Figure 1.The *Dictyostelium* centromeric histone H3 variant. (**A**) *Dictyostelium* H3a and DdCenH3 (H3v1) are highlighted in orange on the left. Below the alignment is a schematic presentation of the domain organization of histone H3, with the N-terminal α-helix (αN), α-helixes 1--3 (α1--3) and loops 1 and 2 (L1, L2) indicated. L1 and α2, which have been shown to be responsible for targeting of CenH3 to centromeres are shaded green. Hs, *Homo sapiens;* At, *Arabidopsis thaliana*; Dd, *Dictyostelium discodeum*; Eh, *Entamoeba histolytica*; Sc, *Saccharomyces cerevisiae*; Xl, *Xenopus laevis*; Ce, *Caenorhabditis elegans*; Dt, *Drosophila teissieri*; Gi, *Giardia intestinalis*. (**B**) The organization of the centromeres was examined in fixed cells expressing GFP-DdCenH3 and immunostained with the centrosome marker DdCP224 at the indicated stages of the cell cycle. (**C**) Prophase of a diploid cell immunostained with DdCP224 and expressing GFP-DdCenH3 displays up to 12 GFP-DdCenH3 labelled foci presumably corresponding to the 12 centromeres. Scale bar = 1 µm.

The expression pattern of endogenous H3v1 throughout the developmental cycle has been determined by deep sequencing and is represented on DictyExpress (<http://www.ailab.si/dictyexpress/run/index.php?gene=DDB_G0291185&db=rnaseq>). These data show a low expression level with a peak at 12 h in development. This can be explained by a rather synchronous single S-phase of many cells at this stage.

H3v1 contains a large N-terminal domain with no homology to other known proteins. Long, unique N-terminal domains are found in many, but not all, CenH3 proteins and have been proposed to recruit components of the kinetochore complex to the centromeres ([@B5]). A position-specific iterative BLAST (PSI-BLAST) search of *Dictyostelium* H3v1 against Genebank (November 2008) revealed that the most closely related protein is *Drosophila teissieri* Cid (CenH3, AAK20217). The similarity is restricted to the histone fold domain and is quite low for a histone (4e^−14^). The histone domain of H3v1 was aligned with histone H3 and CenH3 proteins of other species ([Figure 1](#F1){ref-type="fig"}A). Like the other known and putative CenH3 proteins, H3v1 has a poorly conserved α2, with weak similarity to that of the putative CenH3 from *Entamoeba histolytica* and *Drosophila teissieri* Cid. Unlike all other CenH3 proteins examined, H3v1 does not have an extended L1 ([Figure 1](#F1){ref-type="fig"}A), which has previously been proposed to be an essential feature for centromere targeting ([@B11],[@B37]). A phylogenetic tree was calculated using Bayesian methods ([@B29]). While conventional H3 histones, including *Dictyostelium* H3a, H3b and H3c clustered close together, H3v1 was on a separate, more dispersed branch with the CenH3 orthologs from other species ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1)). Therefore, we will refer to H3v1 as DdCenH3.

Localization of GFP-DdCenH3 throughout the cell cycle
-----------------------------------------------------

DdCenH3 was expressed with an N-terminal GFP, 3xFLAG, or 3xHA tag, and its localization was examined by immunofluorescence (IF) microscopy. Western blotting confirmed that the expressed protein was of the expected size ([Supplementary Figure S3a](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1)). In all cases, DdCenH3 localized to a single focus at the edge of the nucleus next to the centrosome during interphase ([Figure 1](#F1){ref-type="fig"}B and [Supplementary S3b](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1)) suggesting that the interphase centromeres remain clustered and attached to the centrosome as in *S. cerevisiae* ([@B38]) and *S. pombe* ([@B39]). This is in contrast to the situation in many metazoans and plants as well as in *Giardia intestinalis* and *Plasmodium falciparum*, where single centromeres are usually detectable during interphase ([@B40],[@B41]).

The localization of GFP-DdCenH3 during the cell cycle was examined in cells that had been fixed at different stages and immunostained with antibodies against H3K9me3, tubulin or DdCP224 ([@B42]). As cells enter prophase, the chromosomes begin to condense and up to six GFP-DdCenH3 foci were visible at the edge of the nucleus close to the centrosome ([Figure 1](#F1){ref-type="fig"}B and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1)). These six foci presumably correspond to the centromeres of the six chromosomes of the haploid *Dictyostelium* genome. When diploid cells were examined, up to 12 foci were visible ([Figure 1](#F1){ref-type="fig"}C). During metaphase chromosome condensation, the six GFP-DdCenH3 foci form a ring around the mitotic spindle until they can no longer be clearly distinguished. In anaphase and telophase cells, the sister chromatids separated and a focus of GFP-DdCenH3 was found at the leading edge of the chromosomes immediately behind the centrosomes. Double labelling with an antibody against the pericentromeric heterochromatin marker histone H3K9me3 shows that GFP-DdCenH3 has a very similar, but not identical, distribution pattern ([Figure 2](#F2){ref-type="fig"}A). In both interphase and telophase cells, a cross section through the nucleus showed that the centre of intensity of GFP-DdCenH3 is slightly closer to the centrosome than that of H3K9me3 ([Figure 2](#F2){ref-type="fig"}B). This suggests that the core centromere domain containing DdCenH3 is flanked by or interspersed with pericentromeric heterochromatin enriched in H3K9me3 as has been described for other species ([@B1]). Figure 2.Centromere behaviour during mitosis. (**A**) Cells expressing GFP-DdCenH3 and labelled with the heterochromatin marker H3K9me3. DNA is stained with DAPI. (**B**) Cross sections through cells at different stages of the mitotic cycle show that GFP-DdCenH3 (green) is slightly closer to the leading edge of the separating chromatids than the heterochromatin marker H3K9me3 (red). Scale bar = 1 µm.

*Dictyostelium* centromeres contain DIRS-1
------------------------------------------

DIRS-1, the most abundant retrotransposon in the *Dictyostelium* genome ([@B14]), has previously been proposed to indicate the centromeres positions as it is present in six clusters, one on each chromosome ([@B43]). DIRS-1 sequences are methylated ([@B21]) and are associated with H3K9me2 ([@B20]). FISH with DIRS-1 sequences yielded six foci per interphase nucleus ([@B17]), while DdCenH3, H3K9me3, the HP1 homologs HcpA and HcpB ([@B19]) and Cenp68 ([@B44]), all yield a single signal cluster. To further investigate this discrepancy, FISH was performed using Cy3 or FITC-labelled PCR fragments or a plasmid containing a full-length DIRS-1 clone (Y41) ([@B34]). All interphase cells displayed a single DIRS-1 focus at the nuclear periphery similar to that seen with GFP-DdCenH3. As cells entered prophase, up to six foci became visible. These condensed to a single focus during metaphase and appeared at the leading edge of the separating chromatids during anaphase and telophase ([Figure 3](#F3){ref-type="fig"}A). Figure 3.*Dictyostelium* centromeres contain DIRS-1. (**A**) FISH on cells at different stages of the cell cycle using a directly FITC-labelled probe for DIRS-1. (**B**) Combined Immuno-FISH showing colocalization HA-tagged DdCenH3 and DIRS1 retrotransposon. Scale bar = 1 µm. (**C**) ChIP of GFP-DdCenH3. Real-time qPCR was performed with primers against the actively transcribed *actin*, *coronin* and *rasG* genes or the DIRS-1 and *skipper* retrotransposons. noAb = no antibody control.

DdCenH3 colocalizes with DIRS-1 retrotransposons
------------------------------------------------

Immuno-FISH experiments revealed colocalization of DIRS-1 with both HA-tagged DdCenH3 ([Figure 3](#F3){ref-type="fig"}B) and FLAG-tagged DdCenH3 ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1)). Both marks remain associated with DIRS-during the entire cell cycle, suggesting a constitutive association of DdCenH3 with DIRS-1 sequences. ChIP was performed on cells expressing GFP-DdCenH3 with the GFP affinity resin. DIRS-1, and to a lesser extent the *skipper* retrotransposon, were enriched in DdCenH3-containing chromatin while the active genes *coronin*, *actin* and *rasG* were not enriched at all ([Figure 3](#F3){ref-type="fig"}C). These data provide direct evidence that the 200--300 kb cluster of DIRS-1 transposons at one end of each chromosome represents the centromeres of *Dictyostelium*.

Loading of DdCenH3 onto centromeres occurs before sister chromatid separation
-----------------------------------------------------------------------------

Unlike the core histones, which are incorporated into nucleosomes during S-phase and unlike the replication-independent deposition of the histone variants H3.3 and H2AZ, which are deposited in a transcription-dependent manner, the mechanism of CenH3 incorporation into centromeric nucleosomes remains poorly understood. Experiments with *Drosophila* and mammalian cell lines suggested that CenH3 loading occurs in anaphase and telophase/early G1, respectively ([@B45],[@B46]). More recently, it has been shown that the Holiday Junction Repair Protein, HJURP is the chaperone responsible for *de novo* CenH3 deposition in mammals ([@B47],[@B48]). The yeast protein SpScm3 shares ancestry with HJURP and is involved in CenH3 loading in this species ([@B49]). Homologs of HJURP and SpScm3 appear to be absent from plants and *Dictyostelium* (data not shown). In *Arabidopsis* loading of CenH3 occurs in late G2 phase ([@B12]). Also in other higher plants, in red algae and in fission yeast CenH3 loading occurs prior to separation of sister chromatids \[for review see ([@B50])\]. Since amoebozoa diverged from the opisthokont lineage shortly after the plant--animal split, determination of the CenH3 loading time in the ancestral eukaryote *Dictyostelium* may elucidate when loading of CenH3 occurred in ancestral eukaryotes and thus provide information as to the evolution of the CenH3 loading mechanism. Cells expressing GFP-DdCenH3 and the cell-cycle marker RFP-PCNA ([@B51]) were fixed and the intensity of GFP at the centromere was measured at various stages of the cell cycle ([Figure 4](#F4){ref-type="fig"}A). After mitosis, *Dictyostelium* cells enter S-phase almost immediately and in late S-phase RFP-PCNA stains the late-replicating heterochromatin ([@B51]). The intensity of GFP-DdCenH3 was low in late S-phase and not significantly higher in G2. The intensity doubled in prophase, remained constant in metaphase and became halved in telophase nuclei (where both daughter nuclei were measured separately). Thus *de novo* CenH3 loading occurs at the G2-prophase transition in *Dictyostelium*. Figure 4.Loading of GFP-DdCenH3 onto centromeres. (**A**) Cells co-expressing GFP-DdCenH3 and the cell cycle marker RFP-PCNA were fixed and the normalized intensity of the GFP-DdCenH3 signal at the centromeres at different stages of the cell cycle was plotted. (**B**) Time-lapse images of a cell with three nuclei co-expressing GFP-DdCenH3 and RFP-H2AX. Images were acquired every 20 s and the overlay of the GFP and RFP signals from every third acquisition (every 60 s) is displayed. The GFP signal for one centromere at each time point (indicated with an arrow) is shown as an insert in grey scale. Signal intensities above a certain arbitrary threshold are shaded red. The average signal intensities from the three nuclei averaged over three time points (1 min) are plotted together with the standard error. The bar above the charts indicates the stage of the cell cycle Scale bar = 1 µm. Note that the values in the graph are calculated from a minimum of nine individual data points and do not strictly correspond to the single-intensity data displayed in the inserts.

Time-lapse imaging was performed on cells co-expressing GFP-DdCenH3 and RFP-tagged histone H2AX or H2B. Cells were tracked as they went through mitosis and the fluorescence intensity of GFP-DdCenH3 and of RFP-histone were measured every 20 or 60 s ([Figure 4](#F4){ref-type="fig"}B; [Supplementary S6](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1) and [Supplementary movie S1](http://nar.oxfordjournals.org/cgi/content/full/gkq664/DC1)). The intensity of the core histone remained constant until cells entered mitosis and dropped to approximately half the initial value in anaphase when sister chromatids are separated. In contrast, the intensity of the GFP-DdCenH3 signal approximately doubled towards the G2-prophase transition and was halved in anaphase nuclei, indicating that loading of DdCenH3 occurs at the G2-prophase transition. This behaviour clearly differs from that of the core histones (H2AX, H2B, H3 and H4) which are incorporated in nucleosomes during S-phase. To exclude S-phase loading of DdCenH3, GFP-DdCenH3 was co-expressed with RFP-PCNA and cells were monitored by time-lapse from the exit of mitosis until the end of S-phase ([Figure 5](#F5){ref-type="fig"}). No increase in GFP-DdCenH3 intensity was observed during S-phase. Due to the light sensitivity of *Dictyostelium* cells, we were unable to track an individual amoeba through the entire cell cycle. Thus, we cannot exclude some loading of DdCenH3 earlier in G2. However, the strong increase in intensity observed at the G2/prophase transition strongly suggests that the majority of DdCenH3 is incorporated into centromeric nucleosomes at the onset of mitosis. Figure 5.S-phase Behaviour of GFP-DdCenH3. Time-lapse images of cells co-expressing GFP-DdCenH3 and RFP-PCNA starting from telophase. Images were acquired every 90 s and the overlay of the GFP an RFP signals is displayed. The time elapsed since the start of the acquisition is indicated in the upper left hand corner of each frame. The RFP signal for one centromere at each time point (indicated with an asterisk) is shown as an insert in greyscale. The strongly stained spot of RFP-PCNA characteristic of late S-phase is indicated with an arrow. The intensity of the GFP-DdCenH3 signal is averaged over three time points (4.5 min) and plotted below. The bar above the chart indicates the stage of the cell cycle. Scale bar = 1 µm.

DISCUSSION
==========

The *Dictyostelium* CenH3 ortholog, H3v1 (DdCenH3) is longer than a typical histone H3 (619 versus 136 amino acids) and contains a histone H3-like domain at the C-terminus. Tagged DdCenH3 co-localizes with the heterochromatin marker H3K9me3 during the entire cell cycle suggesting that it is a bonafide CenH3 ortholog and marks the core centromeres. The histone fold of DdCenH3 shares some similarity to the CenH3 from *Drosophila* family members, possibly due to convergent evolution. Previously it has been shown that most amino acid substitutions within L1 abolished centromere targeting of CenH3 in *Drosophila* cells. Likewise, shortening L1 by even one residue impaired targeting ([@B11]). Crystallographic studies suggest that L1 forms a DNA binding domain that binds the minor grove of the DNA warped around the nucleosome ([@B52]) and it has been proposed that extended L1 of CenH3 gives specificity for the centromere sequence of that particular species ([@B11]). In contrast to all other CenH3 orthologs examined, L1 of the DdCenH3 histone fold is not longer than that of a conventional histone H3. ChIP experiments suggest DdCenH3 has some specificity for DIRS-1, suggesting that at least in *Dictyostelium*, an extended L1 is dispensable for correct CenH3 targeting.

The DIRS-1 retrotransposons are believed to represent the centromeric sequences in *Dictyostelium* ([@B43]). FISH experiments revealed that all of DIRS-1 localizes to a single focus at the nuclear periphery in interphase. The separate centromere foci observed in previous experiments ([@B17]) may be due to a disruption of tightly associated centromeres during preparation combined with higher resolution microscopy. DIRS-1 colocalized throughout the cell cycle with DdCenH3. DIRS-1 was enriched in DdCenH3-containing chromatin, suggesting that it is a component of the core centromere.

Like plant and yeast CenH3 ([@B50]), DdCenH3 is loaded onto the centromeres from G2 to prophase. This is in contrast to the situation in metazoans, where CenH3 is loaded after the separation of sister chromatids in telophase/G1 ([@B45],[@B46]) by the HJURP chaperone complex ([@B47],[@B48]) or in yeast were CenH3 is loaded in S-phase and G2 by Scm3, a HJURP homolog ([@B52]). HJURP/Scm3 homologs have so far only been identified in the opisthokont lineage and telophase/G1 or S-phase/G2 loading of CenH3 has only been described in this lineage to date. This suggests that incorporation of CenH3 into centromeres during late G2 is the ancestral mechanism and it was only after the divergence of amoebozoans from the opisthokonts that an alternative mechanism involving the HJURP/Scm3 complex evolved in the latter lineage. The mechanism of CenH3 loading in non-metazoans remains elusive.

Taken together, for the first time, we have provided a survey of centromere structure in amoebozoans and obtained clear evidence that acquisition of the centromere-specific H3 to centromeric DNA at the G2/M transition is the ancestral eukaryotic mechanism of centromere formation.
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